The dynamics of water infiltration into soil have a strong influence on the subsequent distribution of air trapped inside pores. We present results of two infiltration experiments conducted on an artificially prepared sample under ponding and drip irrigation boundary conditions, with concurrent neutron imaging of the sample. A cylindrical sample was packed with two grades of sand and disks of fine porous ceramic in an axially symmetrical geometry. The configuration of the sample provided a number of interfaces between regions of higher and lower hydraulic conductivity. Infiltration was started in dry media. The bottom boundary condition was seepage face. Water was applied on the sample surface during the experiment with drip irrigation at a water application rate about one order of magnitude lower than the minimum flux reached during the ponding experiment. Despite this low application rate, ponding eventually occurred on the top of the sample due to an unexpectedly low infiltration rate. Neutron tomographic imaging revealed massive air entrapment in the coarse sand regions of the sample during slow infiltration under drip irrigation conditions. In contrast, during the ponded infiltration experiment, the air was mostly flushed out from the coarse sand regions by gravity-driven water flow due to greater hydraulic head. Neutron imaging showed that the capillary barrier effect, air entrapment, and entrapped air redistribution were responsible for the observed low infiltration capacity of the sample during the slow-infiltration-dominated drip irrigation experiment. It is reasonable to assume that similar phenomena can occur in natural soils having highly heterogeneous structures.
media such as soil, neglects the air phase (Richards, 1931) . However, in many cases air has a strong influence on water flow (e.g., Christiansen, 1944; Faybishenko, 1995) . For example, when entrapped air blocks water flow in pores, infiltration is significantly slower than expected. Uneven wetting or drainage fronts can affect air entrapment when the wetting front bypasses air-filled regions and encapsulates the air in them (e.g., Szymańska et al., 2016) .
In general, uneven wetting or drainage fronts occur due to (i) reduced wettability, (ii) the spatial variability of hydraulic conductivity, and (iii) the effects of air-entry barriers. Silliman et al. (2002) , who investigated water table fluctuations in a laboratory experiment, emphasized the importance of air-entry barriers. They reported that regions of coarse sand embedded in fine sand remained fully saturated although the water level dropped below the coarse sand inclusion and its theoretical capillary height. They hypothesized that the region of fine sand overlying the coarse sand acted as an air-entry barrier and prevented air from entering the coarse sand, thus preventing its drainage. A similar effect was observed by Kuang et al. (2011) , who investigated drainage of water from coarse sand columns with and without the inclusion of a thick layer of fine sand at the top. During the drainage experiment, the pressure immediately below the fine sand layer decreased to a minimum value of −2.5 kPa and then, once the air-entry pressure of the fine sand was exceeded, the tension disappeared. The opposite effect of the air-entry barrier was investigated by Szymańska et al. (2016) , who performed an infiltration into fine sand that contained a Core Ideas
• Infiltration experiments were conducted on a sample under two boundary conditions. • Time-lapse neutron imaging was used to determine water distribution in the sample. • Significant air entrapment was detected in the case of slow drip irrigation infiltration. • Gravity-driven ponding infiltration led to much less air entrapment. • Air entrapment led to one order of magnitude lower conductivity in the case of drip irrigation.
coarse sand inclusion. A significant amount of air was trapped in the coarse sand because of the formation of an air-entry barrier. The capillary barrier effect occurs at the interface between fine porous media overlying coarse porous media. Water flow across the interface is then prevented due to low capillary forces in the coarse material. The capillary barrier effect has been used in engineering practice, e.g., to protect waste storage from rainwater leaching (Ray et al., 2010) . The capillary barrier effect can be successfully simulated using both a multiphase flow approach (Oldenburg and Pruess, 1993) or a single-phase approach based on Richards' equation (Prédélus et al., 2015) .
In periodically wetted heterogeneous soils, both air-entry and capillary barriers may naturally be present and influence the shape of the wetting front during infiltration. It was hypothesized by Faybishenko (1995) that air entrapment in near-saturated soil is much more pronounced in heterogeneous soils, particularly due to uneven wetting fronts. An example of soils prone to air entrapment are soils from Cambisol series formed on gneiss. Using magnetic resonance imaging, Snĕhota et al. (2010) detected entrapped air bubbles in samples of a Cambisol characterized by high heterogeneity and a broad range of pore sizes. Scanning electron microscopy images ( Fig. 1) show an example of a common Cambisol soil that contains four distinct domains characterized by pore size distribution: (i) compact stones with very little porosity, (ii) the soil matrix, and (iii) a system of larger pores of sub-millimeter size that are often interrupted by (iv) narrow pore necks or the soil matrix. Such heterogeneity can lead to the formation of an uneven wetting front.
The term quasi-saturated soil was introduced by Faybishenko (1995) to describe the state in which air is trapped in soil but not connected to the atmosphere. The terms satiated or field-saturated hydraulic conductivity are also used to describe conditions of otherwise saturated soil containing entrapped air in soil pores (e.g., Reynolds and Elrick, 1986) .
Air entrapment occurs during infiltration when air is gradually pushed downward to the lower soil layers by infiltrating water (Christiansen, 1944; Debacker, 1967) and becomes disconnected from the atmosphere. In addition, gas bubbles and clusters (more interconnected air-filled pores) can evolve directly in pores due to many other processes, including microbial activity (Soares et al., 1988) , depressurization (Tsimpanogiannis and Yortsos, 2002) , chemical reactions (Zhang and Gillham, 2005) , or during artificial air sparging (Roosevelt and Corapcioglu, 1998) . From the examples above, it is evident that trapped gas may be present in otherwise saturated soils. The presence of entrapped air in near-saturated soil decreases the hydraulic conductivity both on a sample scale (e.g., Christiansen, 1944; Faybishenko, 1995; Snehota et al., 2015; Šácha and Snĕhota, 2016) and on a field scale (Zlotnik et al., 2007; Loizeau et al., 2017) and has an influence on the transport of contaminants and on various biochemical processes (Yakirevich et al., 2010) . Air can become retained by means of structural trapping (Szymańska et al., 2016) , where air is being trapped due to soil heterogeneity and pore-scale capillary trapping (Geistlinger et al., 2015) . Entrapped air effects on flow rate cannot be simulated using models based on the single-phase Richards equation because of the neglected air phase unless the entrapped air regions are inserted artificially into the flow domain, for example as no-flow regions (Dohnal et al., 2013) . It can be concluded that the mechanisms of air entrapment in soils are not yet sufficiently understood.
For detailed investigation of processes in opaque media such as soil, it is convenient to visualize water behavior using nondestructive imaging methods. One such method is neutron imaging (NI), which utilizes the ability of a neutron beam to interact with materials. Perfect et al. (2014) provide an extensive review of the use of NI methods in the study of geomaterials. The utility of this method in the investigation of flow and transport processes in various porous media was earlier demonstrated by Lehmann et al. (2006) . Likewise, Kaestner et al. (2016) recently published a review of recent developments in NI for porous media research. They showed that tomography imaging of the processes in the rhizosphere with a pixel size of 45 mm was feasible with a tomography scan time of 30 s. Because of the strong attenuation of neutrons by H, and the low attenuation of neutrons by the majority of other soil components, NI is suitable for investigations of water transport in soil. Neutron imaging has been widely used to study flow processes in the rhizosphere (e.g., Menon et al., 2007; Moradi et al., 2009; Oswald et al., 2008; Zarebanadkouki et al., 2014) , monitor flow in heterogeneous soils with biopores (Badorreck et al., 2010 (Badorreck et al., , 2012 (Badorreck et al., , 2013 , examine evaporation from porous media (e.g., Shokri et al., 2010) and flow in soil aggregates (Carminati et al., 2007) , and study water flow dynamics in heterogeneous porous media (Vasin et al., 2008; Schaap et al., 2008) . Hassanein et al. (2006b) studied the infiltration into various types of porous stone using neutron radiography. Using NI, Cheng et al. (2012) successfully determined the main drying and wetting branches of the retention curves of sand samples. Snehota et al. (2015) used NI to investigate the effect of trapped air redistribution on the quasi-saturated hydraulic conductivity of a heterogeneous assembled sample. The available temporal resolution of NI was recently enhanced significantly due to advancement of the NI technology (more sensitive detectors, higher beam intensities, novel image processing), thus enabling the imaging of dynamic processes. For example, Zboray and Trtik (2018) reported radiography imaging of the air-water interface (without the porous media) at 800 frames per second. Neutron imaging is clearly a powerful advancing technique but needs to be used carefully to obtain quantitative data on water contents. Hassanein et al. (2006a) and de Beer and Middleton (2006) noted the difference between NI-derived water content and the results of gravimetric measurements of water content and suggested the need for image corrections to resolve various artifacts in NI.
Because of the complexity of natural soils' pore network geometry and chemical properties, it is convenient to study individual processes on simpler media with inert chemical properties and a well-defined pore geometry that is stable with time. The effects of heterogeneity have often been investigated experimentally in the laboratory on artificially prepared samples (Silliman et al., 2002; Dunn and Silliman, 2003; Vasin et al., 2008; Szymkiewicz et al., 2012) . Conducting these experiments on a medium with known inner geometry reduces the uncertainties of analyses and modeling.
To our knowledge, no study has been done on how the infiltration rate affects the amount of entrapped air in the soil using imaging and suppression of the other possible effects like pore geometry alterations and the influence of the initial water content. The aim of our study was to utilize contemporary NI techniques to quantitatively assess the influence of the infiltration rate on the amount of subsequent air entrapment. Specifically, our focus was on identifying regions prone to air entrapment. At this stage, we aimed at performing the infiltration experiments to study air entrapment on carefully designed heterogeneous porous media with relatively simple, axially symmetric geometry that in principle resemble real heterogeneous soils (e.g., the soil shown in Fig.  1 ) but with much less complex geometry. The research question was how much the air-entry barrier effect influences air entrapment in specifically designed samples of heterogeneous porous media.
Materials and Methods

Sample
Experiments were conducted on a sample constructed of two distinct sands and fine-grained ceramic disks packed into a quartz glass tube to produce an axially symmetrical inner geometry in which the ceramic disks were surrounded by the two coarser sands (Fig. 2) .
The sample composition, despite being artificial, reflects the composition of some soils. For example a functionally similar arrangement, characterized by a finer material embedded in coarser material, can be found in soils with a content of larger grains, where porous stones or the soil matrix are surrounded by coarser weathered material, or in aggregated soils in which stable, porous aggregates are surrounded by interaggregate voids. To additionally enhance air entrapment in the sample, we interlaced the layers of coarse sand with a medium sand at three heights. Two sands of different particle size fractions were used to construct the sample. These were quartz sand FH31 (Quarzwerke GmbH), a commercial product with standardized chemical and physical characteristics and a high chemical purity. Two types FH31 sand were produced for the sample packing (Table 1) . Whole FH31 sand will hereafter be referred to as coarse sand, while the part of FH31 <0.4 mm obtained by dry sieving of FH31 sand with a 0.4-mm sieve will be referred to as medium sand. The particle size analysis of both sands is presented in Table 1 . High-flow porous ceramic disks with a 50-kPa (0.5-bar) airentry value (Soilmoisture Equipment Corp.) were used to represent a fine-grained, least permeable material in the sample. The disks were machined to the required diameters, and two of them were carefully drilled through the center.
The grain size distribution, retention curve, and saturated conductivity of all three materials were characterized in the laboratory. A combination of the Casagrande hydrometer (Casagrande, 1934) and sieving methods was used to determine the particle size distributions of the sand types. The main drainage branch of the retention curves was determined using the standard sand box and pressure extractor (Soilmoisture Equipment Corp.) instrumentation and method (Klute, 1986) . The measurements were conducted in triplicate on homogenously packed samples of sand and on the porous ceramic disks. Then, the van Genuchten parameters of the retention curve (van Genuchten, 1980) residual and saturated water content (q r and q s , respectively) and fitting parameters a and n were determined by the nonlinear least-squares method from measured retention data points using the RETC code (van Genuchten et al., 1991) . Figure 3 shows the significant difference between the shapes of the retention curves of the three materials. It is easily visible that the ceramic disks drain at significantly higher pF values than the sands.
The saturated hydraulic conductivity of the sands was measured in the laboratory using the constant gradient method. The saturated hydraulic conductivity and maximum pore size of the ceramic disks were provided by the manufacturer. Table 1 provides an overview of the van Genuchten parameters of the retention curves and the main physical properties of the materials. As verified by the water drop penetration time test (Dekker et al., 1998) , none of three materials exhibited water repellency in a dry condition after drying in an oven at 60°C to constant weight. The sample was carefully assembled in a quartz glass tube and capped with fittings on both ends. The inner diameter of the tube was 29.0 mm and its height was 39.0 mm. Figure 4 is a schematic of the sample along with the sample holder. The sample is supported by the plastic textile mesh placed on the top of a porous ceramic plate in which 14 holes, each 3.5-mm diameter, were drilled to allow conduction of high water fluxes. The perforated porous plate was made of porous ceramic with a 0.1-MPa (1-bar) air-entry value (Soilmoisture Equipment Corp.). This setup also allows application of tension to the bottom of the sample, but this option was not utilized in the current study. Therefore water was allowed to flow freely through the bottom of the sample through holes in the perforated porous plate.
Experiments
Drip irrigation infiltration (DE) and ponded infiltration experiments (PE) using heavy water (D 2 O) were conducted on the sample, once with concurrent neutron imaging. The term drip irrigation in DE refers to the mean of water application, i.e., slow, uninterrupted water delivery at a constant flow rate. As shown below, a ponding condition developed also in the DE experiment. The purpose of the NI was to determine the water spatiotemporal distribution in the sample during water flow under different boundary conditions. The initial condition for all experiments was an oven-dry sample, dried at 60°C to constant weight. Drying was speeded up by exposing the sample to dry air, delivered by a small aquarium air pump at an approximate flow rate of 100 L h −1 through the column of desiccant (Laboratory Gas Drying Unit, Calcium Sulfate, Drierite) directly in the oven. The absence of water was then carefully checked also by neutron radiography in which even minute traces of H 2 O would produce an easily visible contrast gradient between the ceramic disks.
The advantage of starting infiltration with a dry sample is that a reference NI tomogram can be obtained, which then allows the quantification of water content in the sample in succeeding tomograms. The air content of the heavy water was well equilibrated with atmospheric pressure before the experiments.
Two DE and two PE replicated experiments were performed in the laboratory without imaging (see the experiment schedule in Table 2 ) with aerated H 2 O. The same number of replicated experiments were also performed using degassed water without imaging. The purpose of using degassed water was to dissolve the entrapped air to determine the hydraulic conductivity of the fully saturated sample.
Neutron Imaging of Infiltration-Outflow Experiments
Heavy water (D 2 O) was used in the experiments monitored by neutron imaging at the beamline facilities of the Paul Scherrer Institute, Swiss Spallation Neutron Source (Fischer, 1996) . Water was kept in a loosely covered vessel; therefore the dissolved air partial pressure was in equilibrium with atmospheric pressure, a state we will refer to as aerated water. A peristaltic pump delivered water to the center of the upper surface of the sample.
For the DE, 0.03 mL of heavy water was delivered every 10 s for 1.5 h, which corresponded to an infiltration rate of 1.63 cm h −1 (with respect to the cross-sectional area of the sample, 6.61 cm 2 ). Water was delivered to the center point of the sample surface by 0.318-cm (1/8-inch) tubing.
For the PE, an initial dose of 5.0 mL was delivered during the first 5 s of the experiment to quickly produce ponding across the sample surface. A constant ponding depth of about 6 mm was then maintained using an optical water level sensor (LV171, Omega Engineering). Each time the water level dropped by approximately 1 mm, another dose of 0.85 mL was delivered, which corresponds to a water height of approximately 1.3 mm. The ponding infiltration was maintained for 16 h.
The water was allowed to flow freely by gravity through the perforated disk at the bottom of the sample. The amount of inflow and outflow was recorded gravimetrically using digital balances with 0.01-g resolution. The sample was imaged at two different neutron beamlines at the Paul Scherrer Institut (PSI). The PE sample was imaged at the Neutron Transmission Radiography (NEUTRA) beamline (Lehmann et al., 2001) , whereas the DE sample was imaged about 1 yr later at the Beamline for Neutron Optics and Other Approaches (BOA) (Morgano et al., 2014) . Different imaging strategies were used to capture the transient part of the infiltration in each case. Two-dimensional imaging (neutron radiography) of the transient part of the experiment was performed during ponded infiltration at the NEUTRA beamline because the process was too fast for any three-dimensional neutron imaging technique, including the recently enabled ultra-fast state-of-the-art neutron tomography (Tötzke et al., 2017) . For the much slower DE, it was decided to use the fast on-the-fly, three-dimensional neutron tomographic imaging at the BOA (Zarebanadkouki et al., 2015) during which samples are rotated along the vertical axis. For the PE and DE, the three-dimensional neutron imaging was performed on the dry sample, on the wetted sample after steady state flow was reached, and on the fully saturated sample. An overview of the neutron imaging parameters is given in Table 3 .
Image Analysis
All raw neutron radiographs were normalized for background noise and for spatial inhomogeneities of the detector, for temporal fluctuations of the neutron flux, and for spatial inhomogeneities of the neutron beam. Normalized radiographs taken during the infiltrations were divided by radiographs of the dry sample taken at a corresponding angle. Thus, two-dimensional water thickness maps were obtained. Corrections of the neutron-derived water thickness maps were applied because it was considered likely that the outcome could be affected by beam hardening and neutron scattering artifacts. A simple empirical correction based on the method developed by Kang et al. (2013) was used to calculate the corrected water thickness in the projections. The image processing path was described in detail by Šácha and Snĕhota (2016) . Water thickness in each pixel of the projection image, empirically corrected for beam hardening and neutron scattering, was calculated as
where d w (cm) is the thickness of the water in the direction perpendicular to the detector plane, I DRY (arbitrary units) is the normalized pixel intensity in an image of dry sample, I WET (arbitrary units) is the normalized pixel intensity in an image during the experiment, S w (cm −1 ) is the attenuation coefficient of the water, and b (cm −2 ) is the beam hardening correction parameter. The values of S w and b were calculated (for the DE: S w = 0.75 cm −1 and b = 0.075 cm −2 ; for the PE: S w = 0.71 cm −1 and b = 0.075 cm −2 ) by optimization to minimize the residuals between the amount of water actually delivered to the sample and the amount of water detected in the image in each time step during the first 58 and 167 radiographs for the DE and PE experiments, respectively. Three-dimensional series' of tomograms of the water content distribution in the samples were reconstructed from projections representing the water thickness by the filtered back-projection reconstruction algorithm using MuhRec computer tomography reconstruction software (Kaestner, 2011) .
For the purpose of the quantitative analysis, the sample and its respective tomograms were divided into horizontal layers as depicted in Fig. 5 . Layers 1, 3, and 5 were composed of a single material (coarse sand), while Layers 2, 4, and 6 comprised a combination of three materials. The average water content was calculated for each material in all the sample layers with the exception of a layer at the bottom of the sample for which a plastic textile supporting the sample caused a rather heavy artifact due to high attenuation of neutrons.
Replicate Experiments
The experiments were repeated in the laboratory of the Czech Technical University in Prague (CTU) without imaging. The initial and boundary conditions of the experiments were identical to those conducted at the PSI. Two PE and two DE were performed on the same sample. The duration of infiltration to produce outflow in the replicate experiments was longer than in the experiments with concurrent neutron imaging. Two duplicate experiments were performed using "light" water, deionized H 2 O kept in an open container before the experiment and thus saturated with air, i.e., aerated. In two additional replicate experiments, degassed water produced by Liqui-Cel Membrane Contactors (3M Company) was used as a liquid medium to enable dissolution of air bubbles in the sample. In case of the DE with the use of degassed water, the sample was first supplied with water at constant flux rate of 1.63 cm h −1 and, after ponding developed, the ponding level was kept at the level of 6 mm above the sample for the rest of the experiment.
Calculation of Hydraulic Conductivity
The hydraulic conductivity (K) of the sample was calculated using Darcy´s law from the measured outflow rate for the duration of the experiment during which outflow occurred. The flow was not entirely steady for most experiments, but since the boundary conditions were maintained constant and flow rate changes were slow, the observed flow can be regarded as quasi-steady and Darcy's law considered as applicable. For the purpose of K calculation, the pressure head at the top of the sample was assumed to be equal to the ponding head. The pressure head at the bottom was assumed to be equal to zero, since the bottom of the sample was open to the atmosphere. The hydraulic head gradient was 1.15. Since heavy water and H 2 O differ in viscosity and density, the calculated hydraulic conductivity for the experiments done with heavy water was normalized to those values for H 2 O. First, the value of the intrinsic permeability k (m 2 ) was calculated using (Constantz, 1982 )
where r is the liquid density (kg m −3 ), g is the gravitational acceleration (m s −2 ), m is the dynamic viscosity of the liquid (N s m −2 ), and K is the saturated hydraulic conductivity (m s −1 ). The density of D 2 O at 25°C is 1104 kg m −3 , and dynamic viscosity was considered to be 11.0 ´ 10 −4 N s m −2 . The normalized K for H 2 O was then calculated using the same formula (Eq. [2]) considering the density (997 kg m −3 at 25°C) and dynamic viscosity (8.9 ´ 10 −4 N s m −2 ) of H 2 O. The functions of unsaturated hydraulic conductivity were estimated for all three materials using the van Genuchten-Mualem (VGM) model (van Genuchten, 1980) from measured retention curves and coefficients of saturated hydraulic conductivities.
Results
Two-Dimensional Imaging of Transient Flow
Selected frames of the neutron radiography shown in Fig. 6 illustrate the advancement of the wetting front during the transient flow stage of the DE. Gray shades correspond to the water thickness present in the sample at a given time summed across the sample in the direction of the neutron beam flux, i.e., perpendicular to the image. The outflow did not occur until the end of the experiment (as limited by the beam time available).
It can be clearly seen that the uppermost ceramic disk (Layer 2) became saturated first (see Fig. 6 , time 876 s). The overlying coarse sand conducted water quickly to the disk through the narrow path in the center without significantly increasing the water content in Layer 1. Then the middle ceramic disk and the ring of medium sand in Layer 4 absorbed water as the infiltration continued (see Fig. 6 , time 2125 s). At this stage, a few connecting flow channels (fingers) developed in the coarse sand of Layer 3 between the uppermost and middle ceramic disks. The same pattern of wetting occurred in the lowest ceramic disk in Layer 6 (see Fig. 6 , time 3285 s). As the infiltration continued (see Fig. 6, time 7397 s) , the coarse sand in Layer 5 became saturated from the bottom. The air trapped structurally in the coarse sand in Layer 3 prevented any further increase in water content in Layer 3 and blocked the flow to the extent that there was an increase of the ponding depth at the surface after 2700 s of infiltration. The depth of ponding was gradually increasing until the end of the experiment up to a level of 6 mm, the value determined from the raw radiographic projections (not shown in the cropped radiographs in Fig. 6 ).
In the case of the PE, as can be seen in Fig. 7 , the flow patterns were very different from the DE and the water flow was much faster. The coarse sand in Layer 1 and subsequently the ceramic disk in Layer 2 got saturated first. Soon after, due to preferential flow through the central channel of coarse sand in Layer 2, the ceramic disk in Layer 4 was gradually wetted from the middle while the coarse sand in Layer 3 stayed relatively dry until capillary forces in Layers 3 and 4 restored the equilibrium. When the ceramic disk in Layer 4 became saturated, the medium sand in Layer 4 began to absorb water, thereby trapping air in the coarse sand of Layer 4. Most of the air that was originally present in the coarse sand was being pushed out through the bottom of the sample except for the air located close to the sample walls in Layer 4. The first outflow, detected by a digital scale, occurred 420 s after the start of the infiltration. Figure 8 shows that image-based water storage in the sample corresponds well to mass-balance-based values. This is also due to the fact that the parameters of Eq.
[1] were optimized to achieve the minimum difference between actual and NI-determined water volume.
Three-Dimensional Neutron Tomography
The output of the neutron tomography imaging is a sequence of 25 three-dimensional water content maps for the DE and 15 three-dimensional water content maps for the PE. The average water content calculated for each material in the sample layers from three-dimensional water content images are plotted against time in Fig. 9 .
Imaging at the BOA allowed faster tomography, and therefore three-dimensional images were taken during the transient flow.
In the case of the DE, the three-dimensional imaging confirmed the observations obtained from the two-dimensional radiographs. Generally, the results show that the fine-pore ceramic disks became saturated first. After the partial saturation of the ceramic disks located in Layers 2 and 4, the medium sand in Layer 2 also became wetted. The water flowed through the coarse sand to the lowermost ceramic disk. On the contrary, the coarse sand in Layers 3 and 4 had very low water content during the entire experiment and it is believed that trapped air, especially in Layer 4, was very likely to have restricted the flow of water. A gradual decrease in water content in the coarse sand of Layer 2 was observed after reaching a peak value of 0.5 at 0.3 h after the start of infiltration.
In the case of the PE conducted in the NEUTRA beamline, three-dimensional images were taken only under quasi-steady-state conditions. The PE showed a very rapid increase of water content in all layers as the result of very fast, gravity-driven flow. The coarse sand in Layers 3 and 4 again showed lower water content than the coarse sand in the rest of the sample but still significantly higher than in the DE. In both experiments, a gradual decrease in water content was seen in Layers 3, 4, and 6, and the effect can be explained by a gradual increase of air content in these layers. The water content of the ceramic disks during the PE increased gradually, while in the DE it did not. The dashed lines in Fig. 9 show the saturated water content for each material measured separately on small packed samples. Water content determined by NI was slightly higher than the saturated water content determined separately in some cases (the coarse sand in Layer 1 during the DE and the medium sand in Layer 2 during the PE). It is possible that the packing of these particular layers, mostly close to the top or bottom of the sample, was less dense than in the independent experiment.
Water Fluxes
Water inflow and outflow were continuously monitored during all experiments. In the DE monitored by neutron imaging, outflow did not occur before the end of the assigned beam time. The outflow rate was, however, recorded during the replicated experiments conducted in the CTU laboratory. Figure 10 shows the time development of hydraulic conductivity calculated from the outflow rate for the quasi-steady-state part of the experiments. The first outflow occurred at 3.0 and 3.2 h after the beginning of the experiment. Hydraulic conductivity gradually decreased in all three PEs to the value of nearly one order of magnitude lower than at the beginning of the quasi-steady-state stage of the experiment (Fig. 10) . The onset of outflow was earlier than 10 min after the beginning of the infiltration (data were recorded at 10-min intervals in the replicated experiments).
The hydraulic conductivity of the sample was significantly higher in the experiments with degassed water infiltration in the case of DE (Fig. 11) . Probably this was a consequence of better sample saturation due to dissolution of entrapped air. The hydraulic conductivity of the sample during PE with infiltration of degassed water (Fig. 11 ) exhibits values similar to those detected at the beginning of the replicate experiments, but in the case of degassed water, hydraulic conductivity remained nearly constant.
Discussion
Capillary Barrier Effect
This study is characterized by infiltration of water into an initially dry sample comprising three sample materials of contrasting pore sizes. Under such conditions, the capillary barrier effect can effectively influence the flow (Jansik et al., 2011; Ng et al., 2015; Prédélus et al., 2015) . The results of the experiment presented here show that the intensity of capillary barrier formation strongly depends on the inflow rate. These findings are similar to those of the numerical study done by Rudakov (2009) , who analyzed the influence of different thicknesses, inclinations, and curvatures of capillary barriers on water transport. He found that lower inflow rates caused less leakage in the parabolic capillary barrier and 0.5-m-thick fine layer. An inflow rate changing from 0.5 mm d −1 (0.0021 cm h −1 ) to 2 mm d −1 (0.0083 cm h −1 ) corresponded to an increase of the leakage from 5 to 9% of the infiltrated amount.
In the experiment presented here, the DE constant inflow flux was 1.63 cm h −1 . During the DE, capillarity was the driving force of the water flow at the beginning of the infiltration. Capillary forces acted more strongly on the ceramic disks and medium sand than the coarse sand; therefore in the DE the ceramic disk in Layer 2 became saturated before the other materials. When the ceramic disk became nearly saturated and matric potentials increased, flow continued through the medium sand channel into the coarse sand.
Capillary barrier effects occurred only on the divide between the ceramic disks and the medium and coarse sand. Since there was no inclination in the sample layers, water started to penetrate into the coarse sand in a form of fingers. Figure 12 depicts the formation of fingers in the coarse sand of Layer 3.
During the PE, the capillary barrier effect was minimized by the high inflow rate of approximately 300 cm h −1 . The flow was driven mostly by gravity, and all three materials became wet at almost the same time.
Effect of the Wetting Front Inhomogeneity on Air Entrapment
The wetting front observed in the DE was highly uneven due to sequential wetting of the three materials. After some minimal wetting of the coarse sand layer directly below the medium sand, the infiltration was again concentrated into the ceramic disks and then into the medium sand along the perimeter (Fig. 6 , time 2 125 s). Air in the coarse sand in Layers 3 and 4 was trapped and was no longer connected to the atmosphere through the top or the bottom of the sample. Such air-entry barriers have often been p. 10 of 15 Fig. 9 . Neutron tomography derived water content for each layer (colored lines) and each material calculated from tomograms taken during the drip irrigation infiltration experiment (DE) and ponding infiltration experiment (PE). It should be noted that some values of water content, especially in the medium sand material, were determined in very small regions of interest where image noise can play a significant role. observed during drainage processes (Kuang et al., 2011; Silliman et al., 2002) , but the current experiment demonstrates that the same effect may occur during downward infiltration. In the DE, the water content of the coarse sand in Layer 3 did not exceed a value of 0.08, which according to the VGM model corresponds to an unsaturated hydraulic conductivity of 0.5 cm h −1 (Fig. 9 ). In Layers 5 and 6, the air entrapment followed a similar pattern but infiltration took place through the medium sand close to walls.
During the PE, the wetting front advanced more evenly, while capillary forces from the ceramic disks still caused their slightly earlier saturation. However, the piston-like flow effectively expelled air from Layers 3 and 4 toward the bottom of the sample. As can be seen in Fig. 7 , 97 s after the beginning of infiltration, the water content in Layer 3 reached 0.29 and Layer 4 had a water content of 0.10. It is apparent from the time-lapse tomograms that the ceramic disk absorbed water relatively slowly from its surface inward (not shown here). Consequently, air was probably transferred from the ceramic disk in Layer 4 to the nearby sand for the entire duration of the experiment. This effect seems to be a good example of a local nonequilibrium phenomenon (e.g., Šimůnek et al., 2003; Köhne et al., 2009; Szymkiewicz and Lewandowska, 2006) , closely related to preferential flow, because the saturation of the inclusion (ceramic disk) increases with time, while the pressure at the outer surface of the inclusion remains nearly constant.
The water content of the ceramic disk gradually increased, as can be seen in Fig. 9d . Air subsequently accumulated in the coarse sand fraction, especially in Layers 3 and 4, mainly because it could not escape from these layers due to the higher air-entry value of the surrounding materials. Thus, the water content of the coarse sand became less during the course of the continuing infiltration ( Fig. 9e) , consequently lowering its hydraulic conductivity and the hydraulic conductivity of the whole sample. There is also a possibility of slight mixing of the two sands at the interface. This is mainly true for the coarse and medium sands in Layers 2 and 6. In the case of the sand in Layer 1, the water content derived from the neutron tomograms is higher than its independently measured saturated water content. This is probably due to the neutron scattering effect caused by the large amount of water in the ponding layer immediately above Layer 1. During the experiment with concurrent NI, outflow did not occur before the end of the experiment. The system was, however, very close to saturation at the bottom of the sample.
Effect of Air Entrapment on Hydraulic Conductivity
The relationship between the mean sample water content determined from tomograms and the corresponding hydraulic conductivity determined from fluxes measured during the experiment Fig. 10 . Time development of hydraulic conductivity of the sample during the drip irrigation infiltration experiment (DE) and the ponding infiltration experiment (PE) during experiments conducted with concurrent neutron imaging (PSI) and during replicate experiments (CTU 01 and CTU02) conducted with aerated water. Hydraulic conductivity series for the DE with concurrent neutron imaging is omitted because outflow did not occur during the course of the experiment. is plotted in Fig. 13 . The relationship between hydraulic conductivity and water content was determined from tomograms obtained during the steady-state stage of the experiment. The results show that hydraulic conductivity was gradually decreasing, although the mean average water content of the entire sample was almost unchanged. Figure 13 shows that the hydraulic conductivity of the sample determined during the experiments lies between the unsaturated hydraulic conductivity curves of the ceramic and medium sand predicted using the VGM model (van Genuchten, 1980) . Outflow did not occur during the entire 2 h of the DE experiment with concurrent NI, which therefore precluded similar analysis of hydraulic conductivity as was done for the PE. In the case of the DE, the hydraulic conductivity was instead calculated from a replicated experiment with aerated water. The value of the outflow rate detected immediately after achieving steady-state flow was used to calculate the hydraulic conductivity. The corresponding mean water content was derived from the last neutron tomogram of the DE. This approximation is possible because, according to the plots of water content development (Fig. 9a, 9b, and 9c) , the water content of all three materials was entirely (medium sand and ceramic) or almost (coarse sand) constant with time; therefore, the capillary forces were already negligible and the only significant driving force was gravity and a positive pressure potential with a total hydraulic head gradient equal to 1.15. The mean water content of the sample determined by this approach is probably slightly underestimated, but it is probably reasonable to assume that the difference is small.
The hydraulic conductivity determined during the steady state of the DE nearly coincides with the predicted unsaturated hydraulic conductivity curve of the ceramic, which corresponds well to the fact that water flowed mainly through the ceramic in this experiment because the coarse sand in the central part of the sample was highly unsaturated due to the presence of entrapped air and therefore was not very conductive. The value of the hydraulic conductivities measured during the PE lay between the predicted hydraulic conductivity curves of the coarse sand and ceramic disks, close to the hydraulic conductivity curve of the medium sand. This finding corresponds well to the fact that water flowed through all three materials in the PE.
An effective satiated hydraulic conductivity K eff was calculated for times in which the water contents for each layer and material were known. Assuming vertical flow, the hydraulic conductivity of each layer was calculated as the average hydraulic conductivity weighted by the cross-sectional area fraction of each material in the layer. The analogy with Ohm's law (resistors in parallel) used to calculate K eff (Jury et al., 1991) is then
where K l is the effective hydraulic conductivity of lth layer, K i (q) is the hydraulic conductivity predicted from the VGM model (van Genuchten, 1980) for the ith material and its corresponding water content measured by NI in the lth layer, L l is height of the layer, and f i is the cross-section fraction of the ith material in the layer.
It is obvious from Fig. 11 that despite the absolute values of the calculated hydraulic conductivity being smaller for the case of the PE than the measured values, the trend was captured reasonably well. The difference in the hydraulic conductivity at the end of the PE and DE was not interpreted well by the calculation.
A ponding layer of water formed atop the sample during the DE because the inflow rate, 1.63 cm h −1 , was greater than the hydraulic conductivity of Layer 3, which for a given water content, reached a value of approximately 0.5 cm h −1 according to the VGM model. Blockage of the water flow by the highly air saturated Layer 3 is evident in Fig. 9b , where the coarse sand saturates from the bottom up. Layer 2 was apparently saturated earlier than Layer 1.
There was a difference in the absolute values of hydraulic conductivity determined in the two replicated PEs done with aerated water; however, a trend of significant decreases in K with time was apparent in both experiments (Fig. 10) . The hydraulic conductivity at the beginning of steady-state flow was significantly higher during the PEs conducted in the CTU laboratory than in the PE with concurrent NI (see Fig. 10, PE) . This effect is possibly a result of minute changes to the sample structure during transportation between the Czech Republic and Switzerland, despite the transport having been done carefully.
Summary and Conclusions
A one order of magnitude difference in hydraulic conductivity of the same sample was detected and attributed to different residual gas patterns in infiltration experiments conducted on a constructed heterogeneous ceramic disk-sand sample. A sequence of neutron tomography imaging of the infiltration process produced quantitatively relevant data on water content in different parts of the sample and indirectly also on air saturation. Slow infiltration dynamics induced by drip irrigation to the top of the sample led to structural trapping of a large amount of air in the coarse sand regions of the sample. The structural trapping was enhanced by medium sand regions that on wetting disconnected the continuity of the air-filled regions. This led to low hydraulic conductivity of the entire sample and consequently to the development of ponding on the top of the sample. On the contrary, when ponding was deliberately established and maintained at the Fig. 13 . Hydraulic conductivity curves of the three sample materials predicted using the van Genuchten-Mualem model (K VGM ) compared with predicted and measured hydraulic conductivity of the entire sample (symbols). Hydraulic conductivity K flux measured from known fluxes and hydraulic gradients are plotted against water contents derived from neutron tomography imaging (blue triangles); K eff predicted using Eq.
[2] and [3] are also plotted against neutron tomography determined water contents (red diamonds). Filled symbols represent the ponding infiltration experiment (PE), empty symbols represent the drip irrigation infiltration experiment (DE). Note that the water content for the DE was estimated from the last acquired tomogram. Overall (upper) and detailed (lower) graphs are shown. Two different hydraulic conductivities for a single water content of the sample are possible due to different water distribution in the sample. beginning of infiltration, a higher water saturation in the coarse sand layers was observed, resulting in a significantly higher hydraulic conductivity estimate for the sample. As a secondary effect, we observed that fast preferential flow through the layers of coarse sand led to higher residual saturation of air in the ceramic disk inclusions. Slow transfer of air from the ceramic disks into the coarse sand due to strong capillary forces attracting water into the ceramic gradually slowed down the flow. A similar effect of reduced infiltration rates has been repeatedly observed in intact soils in situ (e.g., Císlerová et al., 1988) .
Despite the fact that these effects were demonstrated on a composed sample with a simple material distribution, it is reasonable to assume that the same water flow and air trapping patterns occur in natural heterogeneous soils. The question that should be addressed in follow-up studies is what are the spatial scales at which the phenomenon of flow-dynamics-dependent air trapping is relevant for natural soil systems?
